Abstract-In this letter, we discuss the design, fabrication, and high-frequency characterization of black phosphorous (BP)-based field-effect transistors (FETs) and their circuit applications. We demonstrate BP radio frequency (RF) FETs with an extrinsic transit frequency ∼3 GHz and an extrinsic maximum oscillation frequency ∼7 GHz. We also demonstrate various BP FET-based RF circuits working in the megahertz range for the first time. We show the design and simulation of BP-based RF amplifier using experimentally obtained scattering parameters, operating at gigahertz frequency with substantial gain. The experimental and simulation results reveal the major performance bottlenecks of these circuits and place BP FET as a promising device candidate for future thin-film nanoelectronic RF systems.
I. INTRODUCTION
T WO-DIMENSIONAL layered materials have gained enormous interest for field-effect transistor (FET) applications during the last decade, which were initially motivated by the ultrahigh carrier mobility and ultimate thickness scalability of graphene [1] , [2] . Recently, graphene based radio frequency receiver has been fabricated in 200 mm silicon fabrication facilities, which shows the viability of commercial applications of graphene based radio frequency (RF) circuits [3] . However, in addition to poor on-off ratio due to absence of band gap, graphene FETs usually exhibit linear output characteristics; thus making it difficult to achieve voltage and power gain [4] . Black Phosphorous (BP) has recently emerged as a potential candidate for FET applications [5] , [6] . Thickness dependent moderate band gap (0.3 -1 eV) and comparatively higher carrier mobility (∼1000 cm 2 /Vs) make it promising for both digital and high frequency applications. Gigahertz frequency operation of BP FET and low frequency circuits have been experimentally demonstrated recently [7] - [9] . While previous studies have only focused on RF characterization of BP FET, there has been no report of RF circuits using BP FET. In this letter, we report several BP FET based RF circuits such as common source (CS) amplifier, mixer and amplitude modulation (AM) demodulator, all working in megahertz range for the first time. We also performed simulation of CS amplifier using experimentally obtained device scattering parameters and properly designed input and output matching networks, revealing the true potential of BP FET for RF applications.
II. DEVICE FABRICATION Few-Layer BP flakes were exfoliated from layered bulk BP crystal using scotch tape method and transferred onto 300 nm SiO 2 -highly resistive Si substrate. The sample was immediately spin coated with PMMA to minimize environmental exposure related degradations [10] . Suitable flakes for device fabrication were identified using optical microscope.
The source and drain contacts were patterned in GSG structure with electron beam lithography. 45 nm Ni -20 nm Au stack was deposited as contact metal using electron beam evaporation and liftoff. Two-finger gate structure was patterned using electron beam lithography. ∼25 nm Alumina + ∼45 nm Ni was deposited as the gate stack by electron beam evaporation in the same deposition run and liftoff process. Since the gate dielectric was locally deposited on the channel area only, the access regions between contacts and gate were exposed. Therefore, another ∼40 nm Alumina layer was deposited covering the access and other exposed regions of the BP flake. Optical images of a fabricated BP FET with 500 nm channel length are shown in Fig. 1 (a) and 1(b).
III. DC AND RF CHARACTERIZATION
The DC transfer and output characteristics of a representative device with 500 nm channel length are shown in Fig. 1(c) and Fig. 1(d) , respectively. This is a p-type, depletion mode FET with positive threshold voltage around 0.5 V. The transfer characteristics plotted in log scale reveals decent on-off ratio of 100, which is primarily limited by flake thickness, along with other factors such as flake orientation, oxide charges and contact resistance [5] , [11] . The hysteresis in the transfer characteristics originates from a possible combination of both interface charge and fixed oxide charge in deposited alumina [12] . The gate capacitance is ∼308 nF/cm 2 , which was measured from separate MIM structures fabricated along with the gate stack. The peak trans-conductance is extracted to be ∼40μS/μm with V D = −1 V. Our best device achieved ∼60 μS/μm with V D = −1 V. Clear current saturation is 0741-3106 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. achieved in the output characteristics, which, in turn, implies low value of output conductance. For benchmarking high frequency performance of transistors, two of the most widely used metrics are unity short-circuit current gain frequency, f t and unity power gain frequency, f max [13] . The former is also known as transit frequency and the latter is also known as maximum oscillation frequency. f t was measured for the BP FET using an Agilent Microwave Network Analyzer (VNA-E8361C) and cascade probe station with GSG probes. The device was nominally biased around the maximum trans-conductance region with V G ∼ 0V and V D ∼ −2V. f t and f max were extracted from the S parameter data obtained from the VNA using Agilent ADS software. Current gain, h 21 and power gain, U of the BP FET are plotted as a function of signal frequency, f in Fig. 2(a) and 2(b) , respectively. The f t and f max values are ∼3 GHz and ∼7 GHz, respectively. It should be noted that both f t and f max values include effects of extrinsic parasitic components. Proper de-embedding structures are needed to be fabricated and measured in order to extract the intrinsic values of f t and f max [14] , which is beyond the scope of the current work.
IV. RF CIRCUIT APPLICATIONS

A. Common Source (CS) Amplifier
The schematic of a BP FET based CS amplifier is presented in Fig. 3(a) . The RF input signal (v in,RF ) is combined with the DC gate bias (V G ) with the help of a bias tee at the gate side. Drain side also has a bias tee to properly route DC (V D ) and RF output (v out,RF ) signals. The signal output is directly fed to an oscilloscope, which also acts as a high impedance (1 M ) load for the amplifier. The output signal waveform, obtained from the oscilloscope, is plotted in Fig. 3(b) for a 100 mV peak to peak, 1.42 MHz sinusoidal input signal. Voltage gain of 6 dB is achieved. The gain and frequency performances of this amplifier are primarily limited by the measurement setup and lack of proper impedance matching networks [15] .
In order to eliminate the impact of these extrinsic factors on BP FET performance, we designed and simulated a BP RF amplifier using the experimentally obtained s parameters from RF characterization and properly designed input and output matching networks. The schematic of the BP FET amplifier with matching networks is shown in Fig. 3(c) . Input matching network (IMN) was designed for impedance match between RF input source (50 ) and DUT (Device Under Test) input impedance modelled as a series combination of a resistor and a capacitor. Output matching network (OMN) was designed for impedance match between DUT output impedance modelled as a parallel combination of a resistor and a capacitor and load impedance (1M ). We used 4 th order Chebyshev band pass filter designs for both IMN and OMN [16] , [17] . The match network passive components (inductor and capacitor) were selected such that they can be realized using SMD components or fabricated. The gain of the amplifier is shown in Fig. 3(d) , revealing >40 dB gain at the target operating frequency of 1 GHz. The input matching (S 11 in dB) is shown in the inset. We obtained return loss <-10dB at 1GHz. 
B. FET Mixer
A FET can be operated as a frequency mixer due to its non linear characteristics [18] . Time domain multiplication of the RF signal with a Local oscillator (LO) signal results in sum and difference frequencies (Intermediate Frequency, IF) of the two signals, along with other harmonics and intermodulation products. The schematic of a single FET mixer is shown in Fig. 4(a) . The LO signal is added to the RF signal using a power combiner and the composite (RF+LO) signal is fed to the gate terminal along with DC biasing through a bias tee. The output from drain terminal is fed to an oscilloscope with high impedance (1 M ).
The FFT spectrum of the mixer output was obtained from oscilloscope and is presented in Fig. 4(b) . The RF input was 1.4 MHz and LO input was 1.2 MHz. The spectrum clearly demonstrates mixer operation with up-converted signal (f RF + f LO ) at 2.6 MHz and down-converted signal (f RF − f LO ) at 0.2 MHz.
C. Amplitude Modulation (AM) Demodulator
The schematic of a BP FET based AM receiver is presented in Fig. 4(c) . This is same as the mixer configuration discussed in the previous section with proper inputs for AM demodulation. In our experiment, the AM signal was generated by signal generator using in-built AM function generator (carrier signal, f carrier = 1.4 MHz, modulating signal, f signal = 200 KHz, modulation index, m = 0.5). This AM signal is combined with the local carrier signal (f carrier = 1.4 MHz) using power combiner. This combined signal is fed to the gate of the BP FET.
The FFT spectrum of the BP based AM demodulator output was obtained from the oscilloscope and is presented in Fig. 4(d) . The presence of signal component at 200 KHz clearly demonstrates that information signal is recovered from the AM input signal through demodulation.
While the functionalities of BP FET based mixer and AM demodulator have been demonstrated in this section, both of these circuits were detrimentally impacted by the measurement setup as mentioned before for amplifier. Therefore, these BP FET based circuits are expected to demonstrate significantly improved performance under proper system and measurement conditions. V. CONCLUSIONS In summary, we have demonstrated BP FETs with gigahertz range cutoff and maximum oscillation frequencies and various BP FET based RF circuits such as amplifier, mixer and AM demodulator with megahertz range operating frequencies. Using experimentally obtained BP FETs parameters, we have also designed and simulated the amplifier circuit operating at GHz frequency range with substantial voltage gain. These results clearly emphasize the importance of proper design and measurement setup and also bolster the prospect of using BP FETs in Gigahertz systems.
